Abstract-We have recently developed a bioreactor that can apply both shear and compressive forces to engineered tissues in dynamic culture. In our system, alginate hydrogel beads with encapsulated human mesenchymal stem cells (hMSCs) were cultured under different dynamic conditions while subjected to periodic, compressive force. A customized pressure sensor was developed to track the pressure fluctuations when shear forces and compressive forces were applied. Compared to static culture, dynamic culture can maintain a higher cell population throughout the study. With the application of only shear stress, qRT-PCR and immunohistochemistry revealed that hMSCs experienced less chondrogenic differentiation than the static group. The second study showed that chondrogenic differentiation was enhanced by additional mechanical compression. After 14 days, alcian blue staining showed more extracellular matrix formed in the compression group. The upregulation of the positive chondrogenic markers such as Sox 9, aggrecan, and type II collagen were demonstrated by qPCR. Our bioreactor provides a novel approach to apply mechanical forces to engineered cartilage. Results suggest that a combination of dynamic culture with proper mechanical stimulation may promote efficient progenitor cell expansion in vitro, thereby allowing the culture of clinically relevant articular chondrocytes for the treatment of articular cartilage defects.
INTRODUCTION
Osteoarthritis is a prevalent degenerative disease affecting all ages that often results in severe damage to articular cartilage. 29 Approximately 70% of the senior population has osteoarthritis at varying levels of severity. 13 The most common occurrence of osteoarthritis is in the knee due to excessive and constant mechanical loading. To date, there is no known cure for osteoarthritis and the resulting cartilage defects. Commonly used conventional therapies include biomechanical or behavior interventions, pain killers, anti-inflammatory drugs and physical treatments, 6 which mainly aim to control the pain and improve the quality of life, not to overcome the disease. Severe cases must rely on surgeries such as meniscus transplant, microfracture and autologous chondrocyte implantation (ACI); however, the success rates vary greatly. 31 Unexpected immune response is a major concern of allograft transplantation. Although microfracture has shown positive therapeutic effects for cartilage regeneration, the repaired tissue often becomes fibrocartilaginous with increased amounts of type I collagen and decreased type II collagen as longterm results. For ACI, it requires dual-surgery for chondrocytes expansion. Major obstacles for ACI to help cartilage regeneration include the lack of an abundant cell source, poor interaction with native tissues, and the dedifferentiation of implanted chondrocytes. 26 Therefore, a more abundant and phenotypically stable cell source is necessary for efficient clinical treatment.
To solve these problems with advanced technologies, tissue engineering approaches to restore the biological functions of damaged cartilage have been explored. However, cartilage has an intrinsically limited ability for self-repair due to a low cell population and a lack of blood supply; which are significant challenges for tissue engineering strategies. 9 Biologically active, cell-based therapies with appropriate signaling molecules and supporting matrix are promising techniques for treating osteoarthritis. 7, 18, 19 Recently, mesenchymal stem cells (MSCs) have been considered an attractive cell source for cartilage engineering. In addition to their availability and well documented isolation protocols, implanting undifferentiated MSCs may result in a better integration with in situ differentiated chondrocytes when compared to the implantation of differentiated chondrocytes. 8, 17, 22 However, the use of human MSCs (hMSCs) is limited as studies have shown the reduced formation of extracellular matrix which is a major contributor to the mechanical function of cartilage. To improve upon current methods, mechanical stimuli can be introduced to engineered tissues to better mimic the natural environment of articular cartilage and to induce differentiation of MSCs in 3D scaffolds. 2, 15 It is well known that native articular cartilage is exposed to mechanical stimuli such as dynamic compression, fluid shear, and hydrostatic pressure. Considering the mechanical function of articular cartilage which transmits and distributes loads in joints, proper mechanical stimulation plays an important role in altering cell response for in vitro tissue culture. 16 Our laboratory previously developed a tubular perfusion system (TPS) that creates a dynamic environment for cell culture. 33 In this system, cells are encapsulated in 3D scaffolds and cultured in a tubular growth chamber. Nutrient and oxygen supply can be enhanced by perfusing media through the scaffolds. Concurrently, cells at the interface of the applied flow are exposed to shear forces. Previously published studies have demonstrated an improvement in osteogenic differentiation using the TPS. However, the influence of the TPS bioreactor on chondrogenic differentiation of MSCs still remains unclear. 37 To recapitulate the native mechanical environment that facilitates chondrogenesis, we have recently developed a new approach wherein both shear and compressive forces are applied to an engineered 3D cell-scaffold construct. Our design incorporates a metal roller, which applies mechanical compression in combination with the dynamic culture conditions provided by the TPS. The overall goal of this study is to develop an advanced in vitro chondrogenesis protocol with proper chemical and mechanical stimulation. We hypothesize that our compression perfusion bioreactor would enhance chondrogenic differentiation by providing mechanical stimulation that mimics the in vivo environment. There are three main objectives to comprehensively examine the proposed hypothesis. First, to evaluate the effect of dynamic culture on hMSC proliferation. Second, to evaluate the effect of dynamic culture on hMSC chondrogenic differentiation. Third, to evaluate the influence of an additional, periodic compression on hMSC differentiation.
MATERIALS AND METHODS

hMSC Encapsulation and Culture
Primary hMSCs were purchased (Lonza) and expanded in a monolayer in high glucose Dulbecco's Modified Eagle Medium (DMEM) (Life Technologies) containing 0.1% penicillin/streptomycin (Life Technologies), 0.1 mM non-essential amino acids (Life Technologies) and 10% fetal bovine serum (Life Technologies). After two passages, hMSCs were trypsinized (Life Technologies) and counted using trypan blue staining and a hemocytometer. Two percent (w/v) alginate was prepared using protocols previously established by our laboratory. 36 Briefly, 2.0% (w/v) of alginic acid sodium salt from brown algae (Sigma-Aldrich) was dissolved in a 0.15 M sodium chloride and 0.025 M HEPES (Sigma-Aldrich) buffer, and then autoclaved and filtered for sterilization. The alginate solution was mixed with hMSCs (3 million cells/mL) and injected through a 21-gauge syringe into 0.1 M calcium chloride (Sigma-Aldrich) solution to induce crosslinking for 15 min. The diameter of the formed alginate beads was approximately 2.5 mm. Alginate beads encapsulating hMSCs were loaded into the TPS bioreactor and cultured in chondrogenic media. Chondrogenic media contained: high glucose DMEM, 40 mg/mL proline (Sigma-Aldrich, St. Louis, MO), 0.1% penicillin/streptomycin (Life Technologies), 0.1% sodium pyruvate (Life Technologies), 50 mg/mL ascorbate 2-phosphate (Sigma-Aldrich, St. Louis, MO), 0.1 mM dexamethasone, 1% ITS + premix (BD Biosciences, Bedford, MA), and 10 ng/mL TGF-b3 treatment (R&D systems, Minneapolis, MN).
The TPS bioreactor was set up as described previously. 33 Media flow was driven by an L/S Multichannel Pump System (Cole Parmer, Vernon Hills, IL) at a flow rate of 1 mL/min. The media was changed every 3 days. For the study comparing static and dynamic culture, alginate beads were fabricated and divided into two groups, one cultured in a petri dish (Fisher Scientific) and the other in the TPS bioreactor. For the compression study, alginate beads (n = 50 to 55) were loaded into five 12 cm growth chambers for collections at different time points. All beads with encapsulated hMSCs were exposed to dynamic flow until the end of each time point. Beads cultured for 7 days in one chamber were collected as a baseline for future assays. Two of the chambers were introduced to additional compression (group 1) while the other two were under dynamic culture only (group 2). The cyclic pressure was applied at 0.5 Hz frequency. 24 At each time point, hMSCs were isolated from alginate beads by dissolution in ethylenediaminetetraacetic acid (EDTA) for 20 min at 37°C. A cell pellet was formed by centrifugation and used for subsequent analyses.
Bioreactor Set-Up and Pressure Detection
The TPS bioreactor was set-up as described previously. 33 Particularly, for the compression study, a customized metal roller was manufactured to apply cyclic compressive force onto tubular chambers that were confined in the supporting box (Fig. 3a) . We utilized a 3D printed reducing connector to connect the growth chamber to the supply line. Into this connector, we inserted the pressure sensor with a 21-gauge needle as a guide to insert the probe 1.5 inches from the connector into an alginate bead.
Pressure Sensor Fabrication
Custom Fabry-Perot pressure sensors were constructed by adapting fabrication methods previously established. 4 A length of fiber optic cable (OD = 150 lm) was spliced at one end to a capillary tube (ID = 30 lm, OD = 150 lm) ensuring the fiber core was aligned with the hollow center of the capillary. The spliced capillary was cleaved approximately 15 lm from the fiber interface and a 500 nm thick, UV curable polymer layer was added to the freshly cleaved capillary thereby enclosing the capillary cavity. A titanium metal layer was sputtered onto the surface of the cured polymer to complete a flexible, water-resistant diaphragm atop the capillary cavity (Fig. 3a) . Pressure changes at the capillary terminus cause the diaphragm to mechanically deflect allowing for changes in cavity length to be recorded to quantify pressure at the sensor tip. All sensors were calibrated with a reference pressure gauge (SSI Technologies Inc, Janesville, WI) in a custom calibration chamber. A fiber optic system (USB-4000 Spectrometer and HL-2000 Light Source, Ocean Optics, Dunedin, FL; Beam Splitter, Gould Fiber Optics) was used to record cavity length data at a frequency of 14.3 Hz in LabView 2012 (National Instruments, Austin, TX). Signal optimization and processing were completed using MATLAB R2012b (MathWorks, Inc., Natick, MA).
DNA Isolation and Quantification
Total hMSC DNA was isolated from alginate beads using a DNeasy Blood and Tissue Kit (Qiagen, Frederick, MD). A Quant-iT PicoGreen dsDNA Assay kit (Life Technologies) was used to quantify DNA following the manufacturer's protocol. Total DNA was calculated as ng/bead.
RNA Isolation and qRT-PCR
The total RNA was isolated from the hMSCs using an RNeasy Plus Mini Kit (Qiagen, Frederick, MD) and then reverse transcribed to complementary DNA (cDNA) using a High Capacity cDNA Archive Kit (Life Technologies). Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) was performed by combining the cDNA solution with a Universal Master Mix (Life Technologies), as well as oligonucleotide primers and Taqman probes for Sox 9, type I collagen (COL1A1), type II collagen (COL2A1), aggrecan (AGC), and the endogenous gene control glyceraldehyde 3 phosphate dehydrogenase (GAPDH; Life Technologies). The reaction was performed using a 7900HT real-time PCR System (Applied Biosystems) at thermal conditions of 2 min at 50°C, 10 min at 95°C, 40 cycles of 15 s at 95°C, and 1 min at 60°C. The relative gene expression level of each target gene was normalized to the mean of GAPDH in each group then the fold change was determined relative to the day 7 pre-culture gene expression in the bioreactor without compression. Fold change was calculated using the DDCT relative comparative method as described previously. 35 Samples were completed in technical triplicates and mean ± standard deviations were reported.
Immunohistochemistry
Samples were fixed in 4% paraformaldehyde on slides for 10 min. After washing, samples were blocked and then stained with the primary antibodies to detect Type I collagen, aggrecan or Type II collagen (Abcam, Cambridge, MA), respectively. Secondary antibodies were conjugated to Alexa488 or Alexa568 (Molecular Probes). Nuclei were visualized with 200 lg/L DAPI (4¢, 6-diamidino-2-phenylindole, dilactate) stain. Sections were mounted in Fluorescent Mounting Medium (DakoCytomation), and photographed using an Axioskop mot plus microscope (Zeiss, Thornwood, NY) with a digital camera (Axiocam) and Openlab software.
Live-Dead Assay
In order to assess cell viability, a live-dead assay was performed following standard protocols. Alginate beads encapsulated with hMSCs were soaked in Hank's buffered saline solution (HBSS, Life Technologies) for 10 min to remove extra media and other active reagents. The beads were then incubated in 2 lM ethidium homodimer and 4 lM calcein AM (Life Technologies) combined with HBSS for 30 min in the dark. The bead was visualized via fluorescence microscopy (Axiovert 40 CFL with filter set 23; Zeiss, Thornwood, NY) using a digital camera (Diagnostic Instruments 11.2 Color Mosaic, Sterling Heights, MI).
Histochemical Staining
All samples were collected and fixed in 4% paraformaldehyde in 0.1 M sodium cacodylate buffer containing 10 mM CaCl 2 (pH 7.4) for 4 h at room temperature and then transferred to 0.1 M sodium cacodylate buffer with 10 mM CaCl 2 (pH 7.4) for 24 h at room temperature to re-crosslink alginate. Then samples were dehydrated through a series of ethanol washes followed by two Citrisolv (Fisher Scientific, Pittsburgh, PA) washes. The samples were embedded in Paraplast X-tra Paraffin (Fisher Scientific) and sectioned to 5 mm thick sections and placed on positively charged glass slides (Fisher Scientific). Prior to staining, sections were oven-dried at 37°C for 2 h, deparaffinized in Citrisolv, and rehydrated in decreasing ethanol washes. Samples were stained using alcian blue (Poly Scientific, Bay Shore, NY) for 30 min, followed by standard washes. Samples were counterstained under nuclear fast red (Poly Scientific) for 5 min. After dehydration and clearance, the slides were mounted and imaged.
Statistical Analysis
Data from all the studies were analyzed using analysis of variance and Tukey's multiple-comparison test. A significant level of 95% was chosen, and a p value less than 0.05 was considered to indicate a significant difference among samples.
RESULTS
DNA quantification of hMSCs in dynamic culture and static culture was performed to determine the effect of the TPS bioreactor on cell proliferation. By day 2, the total DNA content per bead in the dynamic group increased 2.7 fold in the dynamic group compared to the static group. For all remaining time points, hMSCs proliferation in the dynamic group was statistically greater than that observed in static controls (Fig. 1a) . Fluorescent images showing viability of the whole beads were obtained, and the majority of the cells appeared viable in both groups (Fig. 1b) . The cell distribution in dynamic group on day 21 appeared more spatially homogenous than those in static groups. The Live/Dead data showing increased cell number under dynamic culture was consistent with the DNA quantification results.
Alcian blue staining was used to demonstrate the produced ECM contained glycosaminoglycans (GAGs). In these images, the nuclei and cytoplasm of the cells appeared pink, while the GAGs appeared light blue (the alginate stains a dark blue color). Increased GAGs production in both groups was observed after day 14, apparent by increased levels of light blue stain surrounding the cell nuclei. From the results, we noted an overall increased presence of GAGs in the static group. Additionally, hMSCs proliferated into large cell clusters in the dynamic group towards later time points (Fig. 1c) .
We also analyzed the gene expression of chondrogenic phenotype markers by the hMSCs in the dynamic and static groups at each time point. In general, three positive markers, aggrecan, type II collagen, and Sox 9 genes were expressed at higher levels in the static group when compared to the dynamic group (Fig. 2a) . On day 7, a burst of aggrecan and Sox 9 expression was observed in the static group and then was maintained at a similar level throughout the study. However, chondrogenic markers expression was not significantly increased in the dynamic group. Type I collagen is a negative marker of chondrogenic phenotype. For both groups, the expression of type I collagen decreased on day 2, but increased to the original level during the later time points in the static group.
Immunostaining for type II collagen, type I collagen, and aggrecan in both groups was performed to evaluate expression at the protein level. The staining of type I collagen in both groups decreased in apparent expression with time, indicating chondrogenic differentiation was maintained throughout the study (Fig. 2b) . In agreement with the gene expression results, more intense type II collagen staining (red) was observed in static group on day 21 although both groups showed an increase of protein expression compared to the previous time point. Aggrecan expression (green) in both groups appeared similar for all time points (Fig. 2b) .
The preliminary results brought us to the next set of experiments to investigate if the addition of compressive force could be beneficial to chondrogenic differentiation of hMSCs in the TPS bioreactor. The pressure changes while the roller moves across the tubular growth chamber and a peak pressure appears when the roller moves onto the target bead containing the pressure sensor (Figs. 3a, 3b) . We recorded the peak pressure in each cycle and calculated the average peak gauge pressure at different conditions (Fig. 3b) . The pressure caused by only dynamic flow was not detectable by the sensor. The addition of compressive force by the metal roller applied a peak pressure of 6813 ± 2195 Pa onto the bead and the encapsulated cells during movement.
A Live/Dead assay was used to investigate the hMSC viability under the combined mechanical stimuli including shear force and compressive force. The hMSCs cultured in the TPS bioreactor for 7 days in the presence of TGF-b3 were considered as a control group for the entire study. No significant difference of the cell viability was observed when applying additional compression to the encapsulated cells compared to the 7 days pre-culture control and the dynamic group (Fig. 3c) .
Gene expression of chondrogenic phenotype markers by the hMSCs in the uncompressed dynamic group and compression groups was analyzed (Fig. 4a) . To prevent unexpected cell apoptosis under mechanical loading, all hMSCs were culture in static environment for 7 days to allow for ECM production; thus gene expression values in this study were specifically normalized to day 7. Sox 9 and aggrecan gene expression in the compression group significantly increased 15 fold and 7 fold on day 14 compared to day 7 preculture, respectively. Both Sox 9 and aggrecan expression remained low throughout the study for the uncompressed dynamic group. On day 21, the aggrecan gene expression decreased in the compressed group compared to day 14. The expression of Sox 9 maintained similar levels as day 14 until the last time point in the compressed group. We observed a delay of type II collagen gene expression in the compressed group during the study such that on day 14, the expression was higher in the uncompressed dynamic group compared to compressed group. However, on day 21, while the uncompressed group experienced a significant decrease of type II collagen expression, hMSCs exposed to mechanical compression showed an increasing trend when compared to the previous time point. Sox 9, type II collagen, aggrecan and type I collagen proteins were detected by Western blot.
Alcian blue staining was conducted to see the difference in ECM production between the compressed and uncompressed groups. We saw significantly FIGURE 1. hMSC proliferation and proteoglycan expression in TPS. a The DNA contents in static and dynamic culture based on DNA quantification from PicoGreen assay. The cell population remained higher in the dynamic group than static group throughout the study (n 5 3). b Live-dead images of beads in static and TPS culture throughout the study. The merged images showed that the majority of the cells appeared viable in all groups on each time point. All scale bars represent 1000 lm. c Alcian blue staining of hMSCs in static and dynamic groups. Cell nuclei stained pink, and acidic GaG residues stained a light blue color (alginate bead stains dark blue). After day 14, the lighter blue extracellular matrix was observed in both groups with higher expression in the static group. All scale bars represent 200 lm.
increased GAG formation in both groups after day 14 by visualizing increased light blue staining around the pink cell nuclei (Fig. 4b) . When comparing the images from the two groups at each time point, a clear difference was observed. With additional compression, more GAGs were produced in the compressed group. In addition, cells were more frequently observed to aggregate into clusters and modify the surrounding alginate in the compressed group. The expression level of GAGs on day 21 was not significantly different than day 14 for both compressed and uncompressed groups.
DISCUSSION
As previously demonstrated, encapsulated cells in the TPS bioreactor experience shear forces in addition to increased nutrient and oxygen flow. 33, 34 Many studies have demonstrated the positive effect of dynamic culture on hMSCs proliferation using other different types of bioreactors. 5, 11, 38, 39 Our novel bioreactor can provide both shear and compressive forces at the same time to better mimic the natural environment of articular cartilage. Another advantage of this system is that by incorporating a customized sensor, the pressure inside the beads can be directly measured as the compression is applied. In this study, we investigated hMSC proliferation during chondrogenesis and expression of hMSC chondrogenic markers in both static culture and dynamic culture in the TPS bioreactor. We also investigated the chondrogenic behavior of hMSCs under periodic compression.
Our first objective was to investigate the hMSCs proliferation during the chondrogenesis process in the dynamic culture provided by the TPS bioreactor. Our FIGURE 2. mRNA expression and protein expression of chondrogenic phenotype markers. a mRNA expression of positive chondrogenic markers including aggrecan, sox 9 and type II collagen. Type I collagen is a negative marker for chondrogenesis. For all genes, the expression level in static culture condition was higher than dynamic culture. *All samples were reported as average from technical triplicates plus standard deviation, although a few error bars were too small to visualize. All values were first normalized to GAPDH, then to the first time point. b Fluorescent immunostaining for chondrogenic phenotype markers. Type I collagen expression decreased during culture in both groups while aggrecan and type II collagen expression increases. Both aggrecan and type II collagen showed higher level in static group compared to dynamic group. All scale bars represent 50 lm.
DNA quantification results showed that a greater cell population in the dynamic group was maintained throughout the study than in the static group. This result is consistent with previous work demonstrating the importance of dynamic culture and 3D scaffolds in cell proliferation. 23, 32 Here we have demonstrated the ability to develop a platform that increases the in vitro expansion of hMSCs with satisfactory cell viability. The TPS bioreactor can provide an avenue to address this critical issue of initial cell population to allow for stem cell implantation and the treatment of articular cartilage defects. However, it is important to evaluate if the proliferated hMSCs are phenotypically stable for future chondrogenesis.
The second objective was to evaluate the effect of dynamic culture (shear force only) on hMSC chondrogenic differentiation. Our results revealed that in this study, static culture was more desirable for hMSCs chondrogenesis based on conclusions drawn from gene expression and histological data. For the mRNA expression, higher expression of chondrogenic markers including Sox 9, aggrecan and type II collagen in the static group were observed throughout the study. Similar to our results, Kock et al. reported reduced chondrogenesis in flow perfusion bioreactor with a rate of 1.22 mL/min. 12 In fact, previous studies have shown the potentially negative effects of high oxygen level on chondrocyte metabolism. 1, 10 It has been indicated that the shear stress may play a negative role in regulating the mRNA expression for chondrogenesis with a shear stress range of 0.61-1.64 Pa. 27 The shear stress that our TPS bioreactor provided is about 0.1 Pa according to a previously developed computational model, 33 which is relatively lower than the in vivo loading. As such, it is not likely to be a predominant factor in guiding the chondrogenic differentiation in this study. In another aspect, our bioreactor provides not only flow induced shear stress, but also significantly increased mass transfer (e.g., nutrients and oxygen). Several groups have demonstrated that a hypoxic environment can induce the increase of collagen II expression and proteoglycan deposition significantly for MSCs undergoing chondrogenic differentiation compared to normoxic conditions. 10 Therefore, although the mechanical stimuli could have played a role in enhancing chondrogenesis, the enhanced mass transfer might have potentially counteracted the positive effect, thus leading to the static culture being the preferred case for chondrogenesis in this study.
In articular cartilage tissue engineering, it has been demonstrated that dynamic compression and hydrostatic pressure are crucial to the healthy development of chondrocytes or chondrogenic differentiation and phenotype maintenance. 25, 28 One study demonstrated that hydrostatic pressure enhanced the cartilaginous matrix formation of MSCs during chondrogenesis. 3 Previous studies have shown the application of compression on chondrocytes and progenitor cells would induce apoptosis at early time points. 14, 20, 24 Particularly, Thorpe et al. pointed out that MSC seeded constructs should be first allowed to undergo chondrogenesis prior to transferring to a load-bearing environment. 30 Therefore cells encapsulated in alginate beads were cultured in TPS with TGF-b3 for 7 days to form ECM, demonstrated by alcian blue staining, as a support against future mechanical loading.
Our third objective aimed to answer the question whether additional compression would enhance the chondrogenic differentiation of hMSCs in our TPS FIGURE 4. Chondrogenic phenotype marker expression in compressed group and uncompressed group during dynamic culture. a mRNA expression of positive chondrogenic markers including aggrecan, sox 9 and type II collagen. Type I collagen is a negative marker for chondrogenesis. For aggrecan and Sox9, the mRNA expression level in the compression condition was higher than the uncompressed condition. After day 21, Type II collagen gene expression in the compression group was higher than the uncompressed group. All gene expressions were first normalized based on GAPDH, then normalized to the first time point. b Alcian blue staining of hMSCs in compressed and uncompressed groups. Cell nuclei stained pink, and acidic GAG residues stained a light blue color (alginate bead stains dark blue). After day 14, the lighter blue extracellular matrix was observed in both groups with higher expression in the compressed group. The expression level remained similar through day 21. All scale bars represent 100 lm.
system. Our results showed that compared to hMSCs in dynamic culture in the TPS bioreactor, hMSCs exposed to additional periodic compression had higher expression levels of aggrecan and type II collagen, the two main positive chondrogenic markers, at later time points after 14 days. The expression of transcription factor Sox 9 was maintained at a higher level in the compressed group throughout the study. Interestingly, one previous study reported that little ECM gene expression was observed by mechanical loading introduced on day 8, while significant ECM gene expression and matrix synthesis were induced by mechanical loading introduced on day 16 . 21 In our study, the aggrecan gene expression peak correlated with the observed GAG content via alcian blue staining at day 14 in the compression group. Interestingly, type I collagen gene first increased in the compression study, but deceased at later time points, perhaps indicating a transition from hMSCs proliferation to differentiation. These results may suggest that a mechanotransduction process occurred during chondrogenesis, where compressive stimulation induced higher metabolic activity of the cells. During early time points, hMSCs are balancing the response to dynamic culture that slows the chondrogenesis and periodic compression that improves the chondrogenesis. However, at later time points, the differentiation effect caused by compression becomes predominant. Notably, the combined effects of growth factors and mechanical stimuli on chondrogenesis have not been well understood. Future studies to evaluate different combinations of growth factor loading and mechanical loading would be necessary to better address the complex consequence. For both shear only dynamic culture and dynamic compression culture, we observed a trend of increased chondrogenic marker expression towards the end of the study. A study with later time points to gain insight into the longer term differentiaion process and associated cell phenotype will be beneficial to understand the behavior of hMSCs undergoing chondrogenic differentiation in this complex culture system. Detailed effects such as hypertrophic phenotype prevention induced by the compression dynamic culture will be further evaluated in future studies. The small dimension and moderate mechanical loading in this study tried to minimize the possible heterogeneity, but further investigation into force distribution and cellular response will help us better understand the effects of this bioreactor system. Based on the above results, we suggest expanding 3D encapsulated hMSCs in dynamic culture for a short period for proliferation, and subsequently the cells can be transferred to static culture for more desirable differentiation. Furthermore, the addition of compression applied to the 3D cell encapsulated construct may help prevent dedifferentiation. Overall, we suggest that a combination of dynamic and static culture to proliferate phenotypically stable hMSCs might be preferred and necessary for future clinical cell treatment for articular cartilage defects with prominent outcome.
CONCLUSIONS
To solve the current problems associated with clinical cell-based treatments for articular cartilage defects, in vitro cell culture techniques must be improved. We have developed a bioreactor system that can enhance the in vitro proliferation of hMSCs encapsulated in 3D hydrogel beads. We have also demonstrated that mechanical stimuli can alter the chondrogenic differentiation in different ways. In the first study, static culture was preferred for differentiation compared to dynamic culture. The second study showed that additional compressive force during dynamic culture can improve the chondrogenic differentiation of the hMSCs. The findings in this study suggest combination culture conditions show promise in producing clinically relevant amounts of tissue through extended in vitro culture.
